Abstract. A large number of radiometers are traceable to the World Standard Group (WSG) for shortwave radiation and the interim World Infrared Standard Group (WISG) for longwave radiation, hosted by the PhysikalischMeteorologisches Observatorium Davos/World Radiation Centre (PMOD/WRC, Davos, Switzerland). The WSG and WISG have recently been found to over-and underestimate radiation values, respectively (Fehlmann et al., 2012; Gröb-ner et al., 2014), although research is still ongoing. In view of a possible revision of the reference scales of both standard groups, this study discusses the methods involved and the implications on existing archives of radiation time series, such as the Baseline Surface Radiation Network (BSRN). Based on PMOD/WRC calibration archives and BSRN data archives, the downward longwave radiation (DLR) time series over the 2006-2015 period were analysed at four stations (polar and mid-latitude locations). DLR was found to increase by up to 3.5 and 5.4 W m −2 for all-sky and clearsky conditions, respectively, after applying a WISG reference scale correction and a minor correction for the dependence of pyrgeometer sensitivity on atmospheric integrated water vapour content. Similar increases in DLR may be expected at other BSRN stations. Based on our analysis, a number of recommendations are made for future studies.
Introduction
In order to ensure the worldwide homogeneity and calibration of radiation measurements, the World Radiation Centre at the Physikalisch-Meteorologisches Observatorium Davos/World Radiation Centre (PMOD/WRC) in Davos (DAV; 46.8143 • N, 9.8458 • E, 1580 m above sea level; Switzerland) was established on behalf of the World Meteorological Organization (WMO). The World Standard Group (WSG) of pyrheliometers was used to establish the World Radiometric Reference (WRR) in 1970 and represents the SI unit of radiation for the shortwave range. The latter is broadly defined as covering the wavelength range ∼ 0.3-3 µm (Petty, 2006) , while the WSG pyrheliometers cover the range from less than 0.2 to above 50 µm (Reda et al., 2017) . The corresponding standard group for longwave radiation, the World Infrared Standard Group (WISG) of pyrgeometers, was established in 2004 on the recommendation of the WMO (WMO, 2003) but is an interim working standard due to a number of ongoing issues (Gröbner et al., 2014; Philipona, 2015) . Longwave radiation is broadly defined as covering the ∼ 4-100 µm range (Petty, 2006) , while the WISG pyrgeometers cover the range ∼ 4-50 µm (Eppley Precision Infrared Radiometer (PIR) pyrgeometers) and ∼ 4.5-42 µm (Kipp & Zonen CG(R)4 pyrgeometers). Recent measurements with newly developed high-precision ground-based radiometers have demonstrated that a revision of approximately −0.3 % and up to +5 W m −2 of the WSG and WISG scales, respectively, may be required (Fehlmann et al., 2012; Gröbner et al., 2014) . Since a large number of shortwave and longwave radiation time series (e.g. from the Baseline Surface Radiation Network, BSRN; Ohmura et al., 1998) are traceable to the WSG and WISG, these may also need to be revised. If this is the case, then there will undoubtedly be a number of challenging issues as records are used to validate/calibrate satellite surface products and climate model outputs.
In order to address these issues, the Commission for Instruments and Methods of Observations (CIMO) proposed that task teams should be established: (1) to assess the consequences of a revision of the WSG and WISG reference scales with regard to BSRN, (2) to make recommendations for a modification of the current reference scales and (3) to propose methods on how to deal with archived BSRN data (CIMO, 2013) .
The objective of this study is to use data from the PMOD/WRC and BSRN archives (up to December 2015) to address these issues. The implications of a revision, based on the study by Gröbner et al. (2014) , are then considered with respect to the BSRN archive, which is followed by an initial assessment of the effect on downward direct shortwave and downward longwave radiation (DSR, DLR) time series at three BSRN stations (Georg von Neumayer, GVN; Ny Ålesund, NYA; Payerne, PAY) and at Davos. Conclusions as well as recommendations for further studies are then presented in the final section.
Methods and data
A brief overview of the WSG and WISG standard groups and the BSRN archive will be given in this section. Possible methods to recalibrate radiometers with respect to new WSG and WISG reference scales and methods to revise the BSRN archive will also be discussed.
The World Standard Group for shortwave radiation: a brief overview
The WSG currently consists of six pyrheliometers to measure direct broadband solar radiation (Fröhlich, 1991) . While the long-term stability of the WRR is within an uncertainty range of ±0.3 % (Finsterle, 2016) , the absolute radiation of the WRR is 0.3 % higher than the SI scale due to internal discrepancies in the WSG instruments which define the WRR (Fehlmann et al., 2012) . Since the WSG was established in 1977, more than 300 pyrheliometers have been calibrated (e.g. 21 Eppley NIP, 26 K&Z CH1, 26 K&Z CHP1 etc.) at PMOD/WRC. According to PMOD/WRC archives, virtually all shortwave pyrheliometers worldwide have a calibration traceable to the WSG due to several aspects: (i) the broad acceptance of the WSG since its realisation, (ii) 5-yearly International Pyrheliometer Comparisons at the PMOD/WRC (Finsterle, 2016) and other regional and national comparisons, and (iii) the use of a travelling standard by manufacturers from the onset. Although the WSG, with its broader spectral range, is used to calibrate shortwave pyrheliometers with their limited spectral range, the spectral mismatch is small in terms of energy. The longwave component is in fact considered to be proportional to the shortwave component for the purpose of the calibration. The WSG accuracy was derived from a comprehensive comparison in which a radiometer traceable to the WRR was compared to the primary laboratory radiometric standard at the National Physical Laboratory in London, and the Total solar irradiance Radiometer Facility at the Laboratory for Atmospheric and Space Physics in Boulder (Fehlmann et al., 2012) . The TSI Radiometer Facility (TRF) is designed to directly compare a solar radiometer to a reference cryogenic radiometer calibrated at the National Institute of Standards and Technology.
The CIMO Task Team on Radiation References is currently considering recommendations on how to harmonise the WRR with SI laboratory standards. A likely scenario will include decommissioning of the current WSG in favour of cryogenic solar radiometers, such as the Cryogenic Solar Absolute Radiometer (CSAR), to represent the WRR. The task team will publish its recommendations during the CIMO session 17 to be held in 2018. Network radiometers (pyrheliometers and pyranometers to measure the direct beam of the sun and the total (global) shortwave radiation, respectively), can be readily revised by lowering readings by 0.3 % as proposed by Wild et al. (2013) and based on the findings by Fehlmann et al. (2012) . No additional parameters (e.g. atmospheric, instrumental etc.) are required for the revision. The WISG has never been recalibrated since IPASRC-I, and thus its traceability to SI units using the ASR has never been subsequently re-established and verified. While a pyrgeometer calibration with respect to the WISG is possible with a relative expanded uncertainty (95 % coverage probability) of 0.9 %, the WISG absolute uncertainty of ±2.6 W m −2 is limited by the traceability of the WISG to SI units. Regarding the internal stability of all four pyrgeometers comprising the WISG, this was demonstrated to be ±1 W m −2 over the 2004-2013 period (Gröbner and Wacker, 2013) .
World Infrared
Longwave radiation is calculated by PMOD/WRC using the so-called extended Albrecht & Cox equation (e.g. Philipona et al., 1995) :
where E is the longwave radiation in watts per square metre (W m −2 ); U is the measured voltage of the pyrgeometer thermopile in volts; C is the pyrgeometer sensitivity in V W −1 m 2 ; σ is the Stefan-Boltzmann constant (5.6704 × 10 −8 W m −2 K −4 ); T B and T D are the measured body and dome temperatures of the pyrgeometer in Kelvin, respectively; and k i are the instrument constants. In a standard pyrgeometer calibration procedure at PMOD/WRC, k i are determined in the laboratory using a reference black body, while C is retrieved relative to the WISG average from outdoor nighttime measurements during clear-sky conditions .
Customer pyrgeometers are routinely sent to be calibrated alongside the WISG, while others are calibrated using a travel standard pyrgeometer which itself has been calibrated with respect to the WISG. These will be referred to as "direct" and "indirect" calibrations, respectively.
Evidence for a revision of the WISG reference scale
The WISG is currently regarded as an interim transfer standard group with respect to its reference scale (WMO, 2006) . The realisation of a more accurate standard group to determine irradiance (Reda et al., 2012) and a revision of the WISG scale have been ongoing issues in recent years (e.g. Gröbner et al., 2014 Philipona, 2015) . However, a replacement of the WISG as a transfer standard is not foreseen due to its all-weather and hence continuous measurement capabilities. Current state-of-the-art research radiometers such as the Infrared Integrating Sphere radiometer (IRIS; Gröbner, 2012) and the Absolute Cavity Pyrgeometer (ACP; Reda et al., 2012) are windowless and are thus not suitable for continuous all-weather operation. The evidence for a reference scale revision comes from concurrent operation of the WISG alongside IRIS during night-time clear-sky conditions since 2008 which yielded an underestimation of the WISG clear-sky longwave irradiance by 2-6 W m −2 , depending on the amount of integrated water vapour (IWV) (Gröbner et al., 2014) in the atmosphere. These results have been confirmed in two intercomparison campaigns with the ACP (Gröbner et al., 2014) where the ACP and IRIS measurements were consistent to within ±1 W m −2 during both campaigns (which is within the instrumental uncertainties of ±4 and ±2 W m −2 , respectively), while the WISG measured lower values by an average of 5.6 W m −2 (Gröbner et al., 2014) . Further support comes from measurements during the second International Pyrgeometer Comparison in 2015 at PMOD/WRC (unpublished data). However, it should be mentioned that Philipona (2015) called into question the small number of simultaneous measurements and various technical issues, and highlighted various other important aspects with respect to the IPASRC campaigns. In addition, it was recommended that further largescale inter-comparisons should take place before changing the WISG reference scale.
Based on simultaneous WISG and IRIS measurements since 2011, Gröbner et al. (2014) recommended that C values of WISG-1 to WISG-4 should increase by an overall average of 6.5 % to 3. 798, 3.791, 13.192 and 10 .139 µV W −1 m 2 , respectively. A calibration of the WISG with respect to IRIS is referred to here as WISG IRIS . The k i constants, in this case, are the same as before. However, a reference scale revision cannot be linearly applied to E as (i) Eq. (1) is non-linear with respect to C, and (ii) C shows a dependence on IWV (Sect. 2.2.3). The recalibration of customer pyrgeometers and radiation time series is therefore somewhat more involved. A recalibration of customer pyrgeometers which have previously been at PMOD/WRC would require archived calibration data (available from 2004 to present) of U , T B and T D to firstly determine a new C value. In a second step, radiation time series from customer pyrgeometers would then be recalculated by using the new C value and archived U , T B and T D from the station. If a pyrgeometer is not traceable either directly or indirectly to the WISG, then a recalibration and hence recalculation of the radiation time series is not possible.
Dependence of sensitivity (C) on atmospheric integrated water vapour content
When pyrgeometers are calibrated outdoors alongside the WISG at PMOD/WRC, enough valid calibration data are typically collected after periods up to 4 weeks, weather permitting. On occasion, users request a longer calibration period spanning 3 seasons, a so-called 3-season calibration, in order to achieve a more accurate sensitivity value. It was observed that the sensitivity (C) of certain groups of pyrgeometers showed a dependence on atmospheric IWV when referenced against the WISG or CG4-030669 (Gröbner and Wacker, 2013; Gröbner et al., 2014) . This was attributed to the spectral characteristics of pyrgeometer domes, observed in a previous study (Gröbner and Los, 2007) . More specifically, C was found to decrease with decreasing IWV below 10 mm for Eppley PIRs and pre-2003 K&Z CG4 groups of pyrgeometers (referred to here as groups 1 and 2) when referenced against CG4-030669. However, a similar dependence was not observed in the group containing post-2003 K&Z CG4/CGR4s as of serial number 030646 (group 3), according to K&Z and PMOD/WRC archives. On the other hand, when referenced against the WISG or individual pyrgeometers of the WISG, the above IWV behaviour was reversed; i.e. Eppley PIRs and pre-2003 K&Z CG4s showed no significant dependence on IWV, while post-2003 K&Z CG4/CGR4s did. Common to all three groups was that no significant dependence was observed when IWV > 10 mm, regardless of the reference used. The cause of this behaviour remains to be investigated in a thorough scientific manner, but it is thought to be due to the spectral transmission characteristics of pyrgeometer domes (Gröbner and Los, 2007; Gröbner and Wacker, 2013) . However, the important question is, which group of pyrgeometers measures correctly when IWV < 10 mm? Evidence from IRIS, ACP and WISG inter-comparisons (Gröbner et al., 2014) at PMOD/WRC would seem to suggest that the post-2003 group of K&Z pyrgeometers exhibits no significant dependence on IWV. In order to avoid the apparent complication of a dependence of C on IWV for the present, measurement points during calibration at PMOD/WRC are only considered valid when atmospheric IWV > 10 mm, amongst other quality control criteria . This limits the calibration season at PMOD/WRC from about March to November, which has been implemented since April 2012. The correction of longwave radiation time series requires time series of concurrent IWV data at the ground station from radiosonde ascents, microwave radiometry or GPS. For BSRN stations without these measurements, IWV can be derived from reanalysis data (e.g. ERA-40) or one of many empirical models using meteorological data (temperature and relative humidity at 2 m above ground, T 2 m and RH 2 m ). IWV either from GPS or an empirical model (Leckner, 1978) was favoured in this preliminary study mainly due to (i) the ready availability of data, (ii) the high data resolution (1-10 min) and (iii) the length of the GPS and meteorological time series. GPS IWV was used for DAV and PAY, and modelled IWV for GVN and NYA. The uncertainty in IWV from these various methods is estimated at ∼ 1 mm, which corresponds to an uncertainty in C of ∼ 0.6 % when IWV < 10 mm. Assuming an uncertainty in C of 1 %, then a maximum uncertainty of ∼ 1.7 mm in IWV would still be acceptable.
The characterisation of C as a function of IWV can be determined during a 3-season outdoor calibration at PMOD/WRC, which usually takes about 6 months. Sending a pyrgeometer to PMOD/WRC for this length of time is logistically difficult for most stations, so a more practical approach would be the use of an empirical correction, which could be generally applied. This will be discussed later in Sect. 3.
The BSRN archive
BSRN McArthur, 2005; König-Langlo et al., 2013) holds the world's most accurate archives of radiation data which are used to validate satellite products and the radiation budget of the Earth-atmosphere system (Trenberth et al., 2009; Stephens et al., 2012; Wild, 2012; Wild et al., 2013) . All major climate zones are represented by 50+ stations which are currently in BSRN. Radiation measurements, collocated surface and upper-air meteorological observations, and station metadata are archived in an integrated database (http://bsrn.awi.de). Despite continuous efforts, uncertainties in the determination of individual components of the surface radiation budget still exist (Wild, 2017 ). An improvement in the accuracy of BSRN time series may therefore help to reduce such uncertainties.
BSRN time series
BSRN downward short-and longwave time series were revised for a small selection of stations, including NYA, GVN, PAY and DAV (see Table 1 for site details). The first three stations belong to BSRN, amongst others, and were mainly chosen due to (i) direct traceability of all pyrgeometers to the WISG with regular calibration every 2-4 years, (ii) the ready availability of pyrgeometer raw data (i.e. U , T B and T D ) and (iii) the length (10+ years) and continuity of the DLR time series. Although a number of other BSRN stations fulfil the above points, none were able to readily provide raw data, including stations at low latitudes. This highlighted a number of important issues regarding the availability of obtaining current or historical raw data. For instance, (i) stations may only have limited personnel resources, (ii) a knowledge pool may no longer exist due to relocation or retirement and (iii) data may not be readily accessible due to software/hardware legacy issues. In our case, we were able to obtain raw pyrgeometer data (1 min resolution) for PAY and DAV, while DLR and pyrgeometer temperatures were obtained for GVN and NYA. Through use of Eq. (1), it was possible to determine the original raw pyrgeometer voltage (1 min resolution) for the latter two stations.
BSRN time series correspond to so-called "all-sky" conditions (i.e. clear and cloudy conditions), but for climatological studies clear-sky conditions are also of importance. For The same k i constants within each deployment period were used to recalculate C. However, note that k i constants were often different from deployment period to period. As both C and k i are used in Eq.
(1) to calculate DLR, differences in C values for the same pyrgeometer in each vertical column reflect the non-linear nature of Eq. (1) rather than any instability in pyrgeometer measurements. c Value previously reported by Gröbner et al. (2014) .
instance, a revised DLR reference scale will have a proportionally larger effect on DLR time series at stations with a higher clear-sky fraction. In order to determine DLR time series during clear-sky conditions, 2 m meteorological data (10 min resolution) from each station were used to calculate the partial cloud amount (PCA) with the automatic partial cloud amount detection algorithm (APCADA; Dürr and Philipona, 2004) . The algorithm uses T 2 m , RH 2 m and DLR together with a set of empirical rules to calculate the PCA at any time of day. PCA was calculated with a 1 min resolution, and values ≤ 1 corresponded to clear-sky conditions. While the PCA can be reliably determined for low and midaltitude clouds, APCADA is less efficient for high-altitude clouds. However, for the purposes of our comparative study, APCADA is considered to be satisfactory (e.g. Wacker et al., 2011) . Before revised DLR time series were calculated, extensive tests were conducted to ensure that the existing PMOD/WRC calibration software was able to recalculate previous C values and that BSRN DLR time series could be precisely reproduced for all four stations in this study.
Results and discussion
This section discusses the results from an analysis of shortand longwave radiometers in the PMOD/WRC and BSRN archives. The focus is mainly on the latter as a possible revision of the WSG reference scale will not be as complex a task as the WISG scale.
PMOD/WRC archives: calibration frequency of pyrgeometers
As mentioned previously, over 230 pyrgeometer calibration records are in the PMOD/WRC archives. To date, 58 are being used by BSRN, and 73 by other users. Unfortunately, the calibration history of many pyrgeometers is difficult to assess, although details have been recorded in the PMOD/WRC archive whenever available. Records indicate that, of the 73 pyrgeometers (PIRs and CG4/CGR4s) not being used by BSRN, at least 39 (14, 11, 8, and 1) have been calibrated once (two, three, four and five times) against the WISG. The average period between calibrations was 4.0 years with a minimum of about 1 and maximum of 10 years. BSRN pyrgeometers are considered further below. 
PMOD/WRC archives: pyrgeometer sensitivity (C) as a function of IWV
While the dependence of C on IWV has been previously reported for several pyrgeometers (Gröbner and Wacker, 2013) , a detailed analysis of previous pyrgeometer calibrations in the PMOD/WRC archive during the present study was carried out to obtain a better overview. It was found that a total of 27 pyrgeometers (including WISG-1 to WISG-4) have measured continuously for at least 90 days but only 14 have measured over the 2-25 mm IWV range. These are listed in right columns, respectively. All graphs show that C is essentially a constant when IWV 10 mm, but below this value C exhibits a distinct decrease in Fig. 1b and d and an increase in Fig. 1e . This behaviour has previously been characterised with a linear model in studies by Gröbner et al. (2014) and . Various other models were tested here, including a 5th-order polynomial fit; however, similar results to the linear model were obtained when applied to irradiance time series. The choice of IWV = 10 mm as the inflection point in the above-mentioned studies was based on an empirical analysis. When examined using differential analysis, the inflection point was found to vary in the IWV ∼ 8-12 mm range, with an average value at about 10 mm. For the sake of consistency, IWV = 10 mm is therefore also used here. Table 2 lists the slope values of C with respect to the WISG and CG4-030669 when IWV < 10 mm for individual, as well as each group of, pyrgeometers. Average slope values in each group are shown in bold and exhibit either (i) elevated values (0.024, 0.066 and −0.054 µV W −1 m 2 per millimetre IWV for groups 1, 2 and 3, respectively) representing a distinct dependence of C on IWV or (ii) values close to zero (−0.001, 0.004 and 0.008 for groups 1, 2 and 3) when virtually no dependence of C on IWV occurs. In order to assess these results better, relative slope values in percent are also shown in Table 2 . For the Eppley group, C is ∼ 4.9 % (0.61 × 8) lower with respect to CG4-030669 when IWV = 2 mm. Similarly, C is also ∼ 4.9 % lower for the pre-2003 K&Z group, while the post-2003 K&Z group is ∼ 3.9 % higher with respect to the WISG. Values of IWV as low as 1-2 mm are generally representative of polar (e.g. GVN and NYA) and high-alpine stations (DAV), so a relative increase/decrease in C of up to 5 % can be regarded as a maximum value.
These results support earlier observations and conclusions (Gröbner and Los, 2007; Gröbner and Wacker, 2013; Gröb-ner et al., 2014 ) that certain types of pyrgeometer domes and/or their coatings may be responsible for the observed dependence of C on IWV. A general slope value cannot yet be defined with any confidence for the pre-2003 K&Z CG4 group as only two have been characterised by PMOD/WRC so far, but values in Table 2 for the Eppley PIR and post-2003 CG4/CGR4 groups are considered to be provisionally representative. Nevertheless, there is still a clear necessity to characterise more pyrgeometers for a 6-12-month period. For instance, C values of four pyrgeometers (one Eppley and three K&Z) could not be assigned to any particular group; i.e. there is simultaneously a weak dependence on IWV with respect to both a WISG and a CG4-030669 calibration. An explanation has not yet been found. Now that general slope values of C are available for each pyrgeometer group, they will be used in the next section to revise DLR time series. Table 1 shows the pyrgeometers used at the four stations in this study. As none of these Eppley pyrgeometers have been individually characterised for long 
BSRN archives: traceability of short-and longwave radiometers to the WSG and WISG
BSRN measurements aim to achieve the highest standards regarding accuracy, observational procedures and calibration methods. As already mentioned, virtually all shortwave pyrheliometers are believed to be traceable to the WSG. However, the situation regarding pyrgeometers is not so clear. Only 58 BSRN pyrgeometers had been calibrated at PMOD/WRC up to December 2015, which have been used for monitoring at 15 BSRN stations (including PAY, GVN and NYA, amongst others). The calibration history of individual pyrgeometers is not well documented in many cases but is generally better than for non-BSRN pyrgeometers. Of these 58, at least 21 (12, 9, 6, 3, 0, 1, 2, 1 and 3) have been calibrated once (twice, three times . . . 10 times) against the WISG. The average period between calibrations was 3.1 years with a minimum of about 1 and a maximum of 18 years. Only a handful of these pyrgeometers therefore appear to have had a "regular" calibration according to our records. Whether this reflects the calibration history of pyrgeometers at institutes which use travelling standards is at present unknown to us. An overview of BSRN pyrgeometers and those with WISG traceability is shown in Table 3 . Of a total of 223, 188 are Eppley PIRs and 35 are K&Z CG4/CGR4s. Although only 58 are directly traceable to the WISG, the number with indirect traceability to the WISG is estimated at 64. This latter number is a lower estimate but is probably representative of the current situation as all major meteorological or governmental institutes responded to a PMOD/WRC questionnaire sent to gather data for the present study. If pyrgeometers with a direct and indirect traceability are added together, then at least 46 % of Eppley PIRs and 100 % of K&Z CG4/CGR4s are traceable. A maximum of 56 % of Eppley PIRs may therefore have a different traceability, either to the original black body calibration or to another calibrating institute. Further efforts would be useful to determine the traceability of these pyrgeometers as not all questionnaires sent to BSRN station personnel were returned. These findings therefore imply that a number of BSRN longwave radiation time series may still be partially or fully based on calibrations not traceable to the WISG.
BSRN archives: application of possible new WSG and WISG reference scales to BSRN time series
Calibration histories of pyrgeometers at all four stations were used to recalculate C values with respect to WISG IRIS (see Table 1 ) and to calculate C as a function of IWV according to the methods described in Sect. 2.2.3. DLR time series were then calculated for four scenarios: (i) WISG IPASRC and C = f (IWV) (i.e. this corresponds to the current method used to calculate BSRN time series), (ii) WISG IRIS and C = f (IWV), (iii) WISG IPASRC and C = f (IWV), and (iv) WISG IRIS and C = f (IWV). Table 4 shows that scenario 1 Scenarios 3 and 4 are similar to 1 and 2, respectively, except that the sensitivity (C) has been corrected to take the dependence on IWV into account. Figure 3 shows the NYA time series of C for scenario 4, where different pyrgeometers were deployed for different periods of time (vertical lines). Periods of constant C within each pyrgeometer deployment period occur when IWV > 10 mm, while periods of variable C occur when IWV < 10 mm. Note that any differences in C from deployment period to period for the same pyrgeometer reflect the non-linear nature of Eq. (1) (k i time series are also required to calculate DLR) rather than any instability in pyrgeometer measurements. When comparing scenario 3 to 1, and 4 to 2 in Table 4 (i.e. only IWV correction considered), only a small reduction in DLR of 0.7-1.5 W m −2 is observed at all stations. However, of greater interest is the overall effect of applying the WISG reference scale and IWV corrections (scenario 4) with respect to the current situation (scenario 1). Table 4 indicates that the increase is 1.3 and 0.7 W m −2 for NYA and GVN, and 1.2 and 3.5 W m −2 for PAY and DAV, respectively.
Although the correction of direct DSR time series is straightforward, Table 3 shows the 2006-2015 average val- A similar analysis to Table 4 for clear-sky DLR as opposed to all-sky DLR conditions appears in Table 5 . DLR at all stations in scenario 1 is lower by up to ∼ 60 W m −2 than values in Table 4 and illustrates the important effect that clouds have on hindering the escape of longwave radiation to space. Again, scenario 4 is of greatest interest and shows an increase in DLR of 2.2 and 1.8 W m −2 for NYA and GVN, and 4.5 and 5.4 W m −2 for PAY and DAV, respectively, as compared to scenario 1. While these values are larger than those in Table 4, it should be mentioned that they only apply to clear-sky conditions, which were shown earlier to occur < 29 % of the time at all four stations. Regarding direct DSR clear-sky values, these are not shown in Table 5 as there would just be a straightforward 0.3 % reduction in values, similar to Table 4 .
Before considering the overall results in Tables 4 and 5 , it should be noted that several of the DLR increases are within the WISG and the IRIS uncertainty ranges of ±2.6 and ±2.0 W m −2 , respectively. Despite this, if average DLR values are considered to be representative of mid-to highlatitude stations, then it implies that similar increases in average DLR may be expected at other BSRN stations, although this will depend on the level of cloudiness and the period of time when IWV < 10 mm. Unfortunately a low-latitude station could not be included in this study, but a higher percentage of clear-sky conditions and higher IWV values are likely to occur on average at such locations, resulting in larger increases of average DLR than in Tables 4 and 5. As BSRN stations represent a wide range of dry-humid climates at highlow latitudes, a better estimate of how DLR would change with a reference scale revision and IWV correction will have to await a more detailed study.
A long-standing issue in climate models is a general underestimation of DLR when compared to BSRN-type surface observations (Wild et al., , 2001 (Wild et al., , 2013 . Although these low biases have generally decreased over time, increases in observed time series as suggested above may imply that the underestimation of DLR continues to be a serious issue even in the latest generation of climate models used in the IPCC Fifth Assessment Report (Wild et al., 2015) . In the context of the quantification of the global energy balance, estimates making use of the information contained in the surface observations (Ohmura and Gilgen, 1993; Wild et al., 1998 Wild et al., , 2015 over many years have suggested a higher global mean DLR than typically advocated in various published global energy balance estimates such as those given in the IPCC assessments up to the Fourth Assessment Report. An increase in observed DLR time series may further support such higher DLR estimates within the global energy balance.
Conclusions
In view of a possible revision of the WSG and WISG reference scales, this study has discussed the methods involved and the implications for existing BSRN archives of radiation time series. However, updating archived data, whether from individual stations or BSRN, is not an easy task for a number of reasons. These aspects span a wide range of considerations from the availability of historical raw data to the sci- entific benefits and then to the dissemination of revised data amongst the wider user community. While it is recognised that some of the logistical aspects involved are not trivial, they would help to reduce the uncertainty in BSRN time series of shortwave and longwave radiation. Our conclusions can be summarised as follows:
1. Although not the focus of this study, the observed offset of the WISG and IRIS/ACP reference scales should be further investigated by more independent and comprehensive inter-comparison measurements as previously suggested (Reda et al., 2012; Gröbner et al., 2014; Philipona, 2015) . In this regard, several IRIS radiometers will be characterised in the immediate future, and their traceability to SI units determined within the European Metrology Programme for Innovation and Research (EMPIR), together with partners from the metrology community. The aim of this project is to reduce the DLR uncertainty of IRIS radiometers to ±2 W m −2 .
2. PMOD/WRC and a questionnaire sent to BSRN station personnel indicate that a minimum of 46 % of BSRN Eppley PIRs are either directly or indirectly traceable to the WISG, while all BSRN K&Z CG4/CGR4s are traceable. Further coordinated efforts by manufacturers, calibration institutes, station personnel and users would be required to determine the traceability of the remaining 54 % which could not be ascertained.
3. The dependence of the sensitivity (C) on atmospheric IWV was investigated in greater detail in this study. Three groups of pyrgeometers were defined (Eppley PIR, pre-2003 K&Z CG4 and post-2003 K&Z CG4/CGR4) for which their dependence was empirically characterised. General empirical corrections for each group were determined, but it is recommended that further extended comparisons should be conducted at PMOD/WRC and other sites in order to improve their accuracy.
4. The effect of revising the WISG reference scale increased the average all-sky DLR for the 2006-2015 period by 1.4-4.2 W m −2 at the four stations (polar and mid-latitude locations) in this study, while the increase was less (0.7-3.5 W m −2 ) when the dependence of the sensitivity (C) on IWV was also corrected. Average clear-sky DLR values were higher at 4.7-7.0 and 1.8-5.4 W m −2 , respectively. Now that the methods in revising longwave radiation time series have been defined and established, a more comprehensive future study focussing on the remaining 50+ BSRN stations would allow a more accurate assessment of the implications with regard to the global energy balance.
5. Regarding the submission of current data to BSRN, it is recommended that BSRN stations should continue to submit not only longwave radiation data but also raw pyrgeometer data (i.e. pyrgeometer signal voltage and temperature(s)) in the future. This would greatly simplify any possible revisions of longwave radiation time series. Formal procedures and facilities to store these extra data in the BSRN archive were made several years ago but have not yet been used to our knowledge.
6. If historical time series are to be revised, then a resubmission to BSRN will also present its own difficulties. In the case of shortwave BSRN time series, a reference scale revision applied by users may be simpler than the revision and resubmission of time series by station personnel. On the other hand, a reference scale revision of longwave BSRN time series is more difficult as it can only be applied to those pyrgeometers which are traceable to the WISG and for which raw data are available. A nominal correction for the IWV dependence can be applied by the user instead if the measuring pyrgeometer has not had a 3-season calibration at PMOD/WRC. Perhaps of greater importance is whether any increase in average DLR, after all corrections, is within the IRIS uncertainty range of ±2.0 W m −2 . It could be argued that a revision of the historical time series is therefore not practical, which is true to a certain extent. However, a more general but vital aspect to consider is that the reduction of measurement uncertainty and the increase in accuracy are important goals of global radiation budget studies.
7. The potential redefinition of the WRR using a cryogenic radiometer (such as CSAR) is expected to imply a relatively trivial scale factor which transfers shortwave measurements form the old WRR regime to the cryogenic scale. Great care has to be taken in order to clearly attribute the applied (old or new) WRR scale to all existing and future shortwave measurements and archives.
Data availability. Raw data for this study were obtained from BSRN (http://bsrn.awi.de). Further data are available from the author upon request.
